Improving milling performances is an effective solution to decrease the costs required. This paper addressed a multi-response optimization to simultaneously decrease the machining power consumed Pm, arithmetical roughness Ra, and ten-spot roughness Rz. The Grey-Response Surface Method-Multi Island Genetic Algorithm (GRMA) consisting of grey relational analysis (GRA), response surface method (RSM), and multi-island genetic algorithm (MA) was proposed to predict the optimal parameters and yield optimum milling performances. The experimental trials were conducted with the support of a CNC milling center. The influences of spindle speed (S), depth of cut (ap), feed rate (fz), and tip radius (r) were explored using GRA. The nonlinear relationship between machining parameters and grey grade (GG) model was developed using RSM. Finally, two optimization techniques, including desirability approach (DA) and MA were performed to observe the optimal values. The results indicated that the machining power was greatly affected by processing factors and the radius has a significant impact on the roughness criteria. The measured reductions using optimal parameters of Pm, Ra, and Rz are approximately 77.05%, 50.00%, and 58.02%, respectively, as compared to initial settings. The GRMA can be considered as an effective approach to generate reliable values of processing conditions and technological performances in the milling process.
INTRODUCTION
The important task of the machining process is to save energy consumed and improve quality products. The first solution primarily focuses on improved hardware [1] and advanced technologies [2] . The second method is to optimize processing conditions to ensure technical aims. Apparently, parameter-based optimization is inexpensive and has better sustainable development, as compared to hardware upgrades. Improving the technical responses should be performed firstly in existing machines; hence, the second solution is an intelligent choice. Consequently, the selection of optimal factors has a significant role to meet the technical requirements (i.e. acceptable energy consumption and quality).
Enhancing technical outputs of the milling processes using optimal parameters has been widely analyzed in works published. Former researchers have attempted to minimize the surface roughness for the machining process of stainless 316 [3] , AISI 1019 [4] , and EN 353 material [5] . Similarly, cutting parameters were optimized in an effort to decrease the roughness value in the milling processes of Al alloy [6] [7] [8] , SKD61 [9] , and AISI H13 [10] . Recently, investigators solved the trade-off among multiresponses regarding surface quality, energy consumed, and processing efficiency. The technological responses included are cutting energy [11] , tool wear [12] , cutting force [13] [14] [15] [16] , residual stress [17] , material removal rate [18] , and machining time [19] . Additionally, the surface geometry [20] , chip formation [21, 22] , micro-hardness, and microstructure [23] were considered as important technical outputs. Furthermore, production costs could be decreased by carefully selecting process parameters [24] . The factors optimized are processing parameters (depth of cut, speed, feed rate, and width of cut), tool geometry (tip radius, rake angle, and relief angle), and workpiece properties. It can be stated that the multi-objective optimization of milling processes is more practical, as compared to the mono-objective approach. Unfortunately, the deficiencies of the works published with respect to milling process optimization can be listed as bellow:
Most of the former investigators have attempted to decrease the average surface roughness (Ra). The selection of optimal factors for simultaneously minimizing surface properties, such as Ra and ten-spot average roughness Rz has still been rarely considered.
Parameter-based optimization for decreasing the machining power and surface properties has not been performed in the aforementioned works, resulting in an unrealistic optimization of the milling process.
The optimum setting of machining factors may have inefficient results due to strong conflicts among the objective considered.
To fulfill the mentioned research gaps, a milling parameter-based optimization has been considered in this paper for decreasing the power consumption and surface criteria. The material, namely SKD61 steel, is chosen as the analyzed workpiece due to wide applications in molding, automotive, aerospace, and marine industry. The GRMA integrating grey relational analysis (GRA) [25] , response surface method (RSM) [26] , and multi-island genetic algorithm (MA) [27, 28, and 29 ] are adopted to explore the impacts of machining conditions on the milling performances, generate the grey grade model, and identify the globally optimal solution.
MATERIALS AND METHODS
A milling machine, namely spinner U-620 is used to perform the milling runs. The cutting tool has a diameter of 12 mm. Two inserts are mounted on the tool holder, as shown in Fig. 1a . The workpiece is attached to the dynamometer with the aid of 14 bolts. The precision vise is used to clamp the dynamometer system. The size of the workpiece is 350×150×25 mm. The dynamometer used to measure the cutting forces is a Kistler 9257B. A roughness tester Mitutoyo SJ-301 is adopted to measure the values of the surface properties in the feed direction ( Fig. 1b) . A scanning electron microscope, entitled Nano Nova 450 is employed to explore the surface morphology, as shown in The input factors and their ranges are listed in Tab. 1. The parameter values are determined based on recommendations of cutting tool manufacturers (Tung alloy), machine tool characteristics, and material properties.
The power consumption Pm (kW) is calculated using the following equation:
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where Fx, Fy, and Fz (N) are considered as the milling forces in x, y, and z directions, respectively. Vc (m/min) denotes the cutting speed. As shown in Fig. 2a , it can be stated that an increment in power consumption is obtained with an increased factor. At a higher value of the spindle speed, the temperature in the deformation region is increased, leading to a reduction in the milling force. However, according to Eq. (1), higher power consumed is required due to increased cutting speed. Additionally, a higher feed rate or depth of cut results in an increased material removal volume, which increases the motor load. Obviously, a higher value of power consumption is obtained. In other words, the highest power is used in order to maximize productivity (highest material removal volume). An increase in radius results in a higher contact length; hence, more cutting power is consumed to overcome the resistance. Fig. 2b depicts the effects of the inputs on the Ra and Rz. It is pointed out that an increment in the spindle speed results in a lower roughness. At a low value of the spindle speed, the discontinuous chips lead to the high friction in the contacting region between the tool and workpiece, resulting in a coarse surface. The friction is diminished with an increment in the spindle speed due to less material deformation; hence, a smoother surface is obtained. The reason for this behavior is due to an enhanced temperature at the cutting region, resulting in a reduction in the strength and hardness of the workpiece.
An increase in depth of cut results in a larger contact length between the tool and workpiece, which requires a higher milling force. Hence, the chattering increases and a coarse surface is produced. A high feed leads to an increment in the machined mark due to a thicker chip generated. Additionally, a higher tip radius causes a reduction in the roughness height due to an increased contact length between the machined surface and cutting tool, resulting in a smoother surface. Similar behavior in milling processes can be found in Refs. [30, 31] .
The impacts of the different processing factors on the milled surface are exhibited in Fig. 3 . The machined defects, including grooves, cracks, and rough cut are observed at low cutting speed, as depicted in Fig. 3a . A smoother surface is produced at a higher cutting speed (Fig.  3b) . A coarse surface having bigger grooves, cracks, and valleys is presented at a high feed ( Fig. 3d) , as compared to a low one ( Fig. 3c) . A reduction in roughness is obtained at an increased tip radius, as depicted in Figs. 3e and f.
In this paper, three objectives are considered as the lower-the-better characteristics for minimizing the power consumed and roughness values. The pre-processing and corresponding values for three objective functions after a linear normalization are exhibited in Tab. 3. The grey grade (GRG) is calculated using the formula below [32]: 
where ζi(k) and n denote the grey coefficient (GRC) value of the i th response and numbers of responses, respectively. The grey coefficient (GRC), grey grade (GRG), and ranking are listed in Tab. 4. As a result, the maximum value of the GG is observed at experimental No. 11. Fig. 4 shows the main impacts depicting the variation of individual performance with the process parameters and tip radius. It can be stated that the GRC of power consumption Pm decreases with higher machining parameters and the lowest value of each factor is recommended (Fig. 4a) . The cutting power is greatly affected by processing factors, followed by radius. The GRCs of Ra and Rz indicate that the radius has the highest impact, as compared to processing conditions. The high values of the GRC of Ra and Rz increase with an increased spindle speed and/or radius, while the lowest depth of cut and/or feed rate is recommended (Figs. 4b and c) .
The significance and percentage contributions of parameters on the grey grade model are exhibited in Table  5 . The R 2 value of 0.9889 indicates that there is a good agreement between predicted and measured values. The large f value of 89.02 expressed that the proposed GG model is significant. Therefore, the GG proposed can be used to predict the responses and find optimal values. The fz is the most affected factor due to the highest contribution (48.63%) with regard to the single term, followed by ap (28.28%), r (11.31%), and S (0.49%). All single terms (S, ap, fz, r), interaction terms (Sap, Sfz, Sr, apfz, fzr), and quadratic terms (S 2 , fz 2 ) are considered as significant terms. The quadratic model expressing gray relational grade GG with respect to the input factors considered can be shown as follows: The interaction effects of processing factors on the grey grade GG model are shown in Fig. 5 .
The developed equation of a grey grade model is used to find optimal factors with the aid of desirability approach (DA) and multi-island genetic algorithm (MA). The range and goal of independent variables and GRG have been shown in Tab. 6. The desirability di (0 ≤ di ≤ 1) of the response GG for the goal of maximum can be calculated using the following equation [33] :
The desirability of the parameters for the goal within range can be defined by:
where Li, Hi, and w are the low value, high value, and weight field of responses, respectively. In this paper, the desirability values of parameters and GG model are estimated using these equations with the aid of Design-Expert software V7.0. The ramp and bar graphs of machining parameters and grey relational grade are shown in Fig. 6a and b, respectively. The history optimization using a multi-island genetic algorithm (MA) is exhibited in Fig. 6c . The optimal parameters and responses with two optimizing techniques can be found in Tab. 7. As a result, GRMA generates the lower optimal values of the grey rational grade and technological performances, as compared to desirability approach (DA). The experiment is conducted at the optimal operating conditions to confirm the validation of these parameters. The relative errors between the prediction and the experiment of Pm, Ra, and Rz are -2.36%, 2.86%, and 1.65%, respectively, as shown in Tab. 8. The results indicate that the GRMA method using grey relation analysis, response surface method, and multi-island genetic algorithm is reliable and significant.
As a result, the GRC values could effectively support the milling operators and engineers to visualize the influences as well as contributions of the processing factors on the performances measured. The optimum inputs as well as output values are precisely predicted using the GG model proposed. Therefore, the proposed approach could be effectively used in the milling operations, avoiding expensive trials and huge costs required. Furthermore, the GRMA technique used is able to restrict the natural confliction among the objectives and the deficiencies of GRA and RSM.
CONCLUSIONS
This paper considered a machining parameters-based optimization in the milling process to decrease the machining power consumed and the roughness criteria. A hybrid optimizing method using grey relational analysis, response surface method, desirability approach, and the multi-island genetic algorithm was adopted to express the correlations between machining parameters and grey relational grade model as well as predict the optimal values. The resulting conclusions of this work can be listed as follows:
1. The GRMA approach was effectively applied to decrease numbers of machining experiments and predict the optimal processing conditions. Based on the proposed method, the optimal processing conditions for minimizing three responses, including Pm, Ra, and Rz were listed as follows: S = 5991 RPM, ap = 0.20 mm, fz = 0.02 mm/z, and r = 0.4 mm.
2. The results of the experimental test proved that the technological responses were significantly improved using optimal conditions observed from GRMA optimization method. The cutting power Pm, arithmetical mean roughness Ra, and ten-spot average roughness Rz were saved approximately 77.05 %, 50.00%, and 58.02%, respectively.
3. The machining power is mainly influenced by processing variables, including feed rate, depth of cut, and spindle speed, followed by tool radius. The radius significantly influences the surface roughness criteria.
4. The grey relational grade GG model was adequate and effectively exhibited the nonlinear mathematical modeling in terms of processing parameters. The predictive model developed could be used to forecast the optimal parameters with sufficient accuracy. 5. Solving the machining optimization issue using MA ensured the globally optimal results and better optimizing values, as compared to DA. The proposed approach GRMA combining GRA, RSM, and MA could be used to solve the natural conflicts among milling performances and observe the reliable parameter setting.
